Filler geometry and interface resistance of carbon nanofibres: Key parameters in thermally conductive polymer composites The thermal conductivity of polymer composites is measured for several tubular carbon nanofillers (nanotubes, fibres, and whiskers). The highest enhancement in the thermal conductivity is observed for functionalized multiwalled carbon nanotubes (90% enhancement for 1 vol. %) and Pyrograf carbon fibres (80%). We model the experimental data using an effective thermal medium theory and determine the thermal interface resistance (R K ) at the filler-matrix interface. Our results show that the geometry of the nanofibres and the interface resistance are two key factors in engineering heat transport in a composite. Carbon is the element with the largest structural diversity. It has various modifications, including the well-known polymorphs like graphite and diamond, and the nanosized fullerene and carbon nanotube. With the exception of diamond with sp 3 hybridized three-dimensional carbon network, the carbon modifications exhibit planar or curved structures with sp 2 -bonded carbons. Due to the sp 2 hybridization, carbon is chemically inert and mechanically stable. At the molecular level, heat transfer through non-metallic structures is dominated by crystal lattice vibrations, and most allotropes of carbon show high thermal conductivity. The microscopic size of carbon nanotubes makes the experimental determination of the thermal conductivity of an individual nanotube challenging. Nevertheless, the measured value of thermal conductivity of an individual carbon nanotube reached up to 3000 W/mK at room temperature.
1,2 Free-standing graphene has a conductivity of 5300 W/mK. 3 The thermal conductivity of bulk samples of carbon nanotubes, however, is much lower (on the order of few 10 W/mK) than observed in individual tubes. 4 To benefit from the exceptional thermal properties of carbon nanotubes in technical applications, they are embedded into a bulk matrix forming a nanocomposite material. The properties of such composites are predicted by various models of composites systems. [5] [6] [7] Incorporation of carbon nanotubes into organic fluids and polymers improves the matrix thermal conductivity by a factor of two to three, 8 which is much lower than expected from a mixture of the two materials. This leads to the question which key parameters are the best for superior thermal performance of the nanocomposites. Existing studies concentrated on individual parameters but did not evaluate the interplay of filler conductivity, interface resistance, and geometry. [9] [10] [11] In this paper, we investigate the influence of carbon nanomaterials with varying thermal conductivity and geometrical structure (length, diameter, aspect ratio, and shape) on the effective thermal properties of polymer composites. Besides carbon filler surface functionalization, the proper choice of filler geometry is essential to significantly improve the heat conduction properties of polymers. The experimental data are complemented by effective medium theory that provides insight into the thermal interface resistance between carbon fibres and a host matrix.
Different types of tube-like carbon materials were investigated: multiwalled carbon nanotubes (MWCNTs, Fibermax), vapour-graphitized carbon fibre (VGCF, Showa Denko Carbon, Inc.), and vapour-grown carbon nanofibres (Pyrograf, Applied Sciences, Inc.). The oxidative functionalization of MWCNTs (MWCNT-COOH) was accomplished with a mixture of nitric acid 65% and sulphuric acid 96% (1:3). As polymer matrix we used a homogeneous melt from poly(ethylene glycol) 1000 (Carl Roth GmbH, Germany) and poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (Sigma-Aldrich, Germany) (1:2.6). In this matrix the carbon fillers were dispersed using an ultrasound probe (Bandelin Sonopuls HD2070).
The homogenous mixture of polymer dispersion was casted into custom-made disk-shaped rubber mold for curing at RT. The thermal conductivity of the obtained polymer composites was measured with Hot Disk Transient Plane Source TPS 2500 apparatus (Hot Disk AB). In a standard measurement the sensor, which is composed of a double spiral nickel wire (Ø $ 4.002 mm), was sandwiched between two pieces of the sample. The sensor served both as heat source and as temperature detector. From the recorded temperature curve over time, the thermal conductivity was obtained. Investigations were performed at room temperature. Figure 1 shows scanning (SEM) and transmission electron microscopy (TEM) images of the tube-like carbon materials used in this work. The diameters, length, and aspect ratio of the nanocarbons were determined from the images. They are summarized in Table I together with other key physical properties. Multiwalled carbon nanotubes ( Fig. 1(a) ) and Pyrograf fibres ( Fig. 1(b) ) have hollow cylindrical structures that are depicted as schematic drawings in the bottom panels of highest thermal conductivity and the smallest dimensions (diameter, length) of the structures studied here. The Pyrograf fibres are almost six times longer than the MWCNTs, but their aspect ratios are similar to the tubes. The fibres are less entangled than the tubes since the larger fibre diameter and increased number of walls yield a greater rigidity (form stability). Finally, the Pyrograf fibres have a tilted wall pattern and much lower thermal conductivity than carbon nanotubes (Table I) . In contrast to the hollow nanostructures in Figs. 1(a) and 1(b) the VGCF wires are compact and completely filled. The wires appear rigid and unbent ( Fig. 1(c) ). The VGCF wires have the lowest aspect ratio and thermal conductivity, but the largest diameter. Figure 2 presents the measured thermal conductivity k for carbon-polymer composites as a function of filler loading. The uncertainty in k is estimated to be on the order of 10 À2 W/mK based on analysing a batch of samples with identical filler volume fraction. Under the same conditions the thermal conductivity of pristine polymer was measured resulting in k ¼ 0.18 W/mK. Pristine MWCNTs yield the weakest thermal conductivity enhancement despite their superior thermal conductivity (see Table II ). Particularly noticeable is the four-fold improvement in the slope of the thermal conductivity with filler content after the oxidative functionalization of the MWCNTs. As for Pyrograf, the thermal conductivity per volume fraction is comparable to functionalized MWCNTs. The increase of the polymer thermal conductivity by VGCF is two times than for pristine MWCNT (Table II) . Thereby, the VGCF reaches only 47% of improvement effect of Pyrograf or oxidized MWCNT.
When comparing the composite materials with untreated carbon fillers, it is interesting to note that MWCNTs having the highest conductivity gave the weakest improvement.
9-11
The composite thermal conductivity depends strongly on secondary aspects such as filler size, geometry, and interface quality. 15, 16 We use the effective medium approximation (EMA) 17, 18 to model the composite thermal properties. Our model takes into account the thermal properties of the components and their size and shape as well as the thermal resistance at the filler/matrix interface. Assuming randomly oriented, noninteracting fillers, the ratio between the thermal conductivity of the composite and the pure polymer matrix is given by Based on the wire-like morphology of VGCF fibres, we assumed that their density is similar to graphite. 12 with
where k e , k F , and k m are the thermal conductivities of the composite, carbon fibres, and matrix, respectively; f is the filler volume fraction; and k 11 and k 33 are equivalent thermal conductivities along the transverse and longitudinal axes of a composite unit cell and can be expressed as
where d is the diameter and L the length of the fillers. The so-called Kapitza radius is defined as
The thermal conductivities k for matrix (0.18 W/mK) and carbon nanofillers were taken from the literature. They are listed in Table I together with the average diameters and lengths of the fillers. The thermal interface resistance in carbon fibre composites was obtained from a fit to the experimental data with Eqs. (1) and (2). Depending on filler type and treatment R K varies between 2 Â 10 À8 m 2 K/W and 15 Â 10 À8 m 2 K/W (see Table II ). The interface resistance of as-received carbon nanotubes (7.3 Â 10 À8 m 2 K/W), Fig. 3 , is in good agreement with the value obtained from picoseconds transient absorption measurements of carbon nanotubes (CNTs) suspended in surfactant micelles in water (8.3 Â 10 À8 m 2 K/W). 19 This implies that the thermal properties of the composites are determined by the properties of the matrix and the nanofillers. We can rule out, e.g., an insufficient dispersion as a limiting factor for the rather poor thermal improvement upon nanotube loading. The Kapitza resistance of the chemically functionalized carbon nanotubes is four times lower than that of untreated nanotubes (Fig. 3) yielding a much higher thermal conductivity enhancement. The difference in Kapitza resistance results from the carboxyl groups attached to the functionalized CNTs. They improve the coupling of the nanoinclusion in the matrix molecules and facilitate the heat transfer to the surrounding polymer material.
As the surface modification gives a clear contribution to lower R K it was interesting to study whether the morphology of non-chemically treated fibres is an alternative for improving the thermal resistance at the fibre-matrix interface. Looking at the unique structure of the Pyrograf fibres one expects that the exposed edge planes along the entire surface of the fibres might provide a better thermal contact with the polymer matrix. However, Kapitza resistance of the fibres is an order of magnitude above the resistance for functionalized nanotubes. There is no difference in R K between the Pyrograf and the VGCF (Table II) , indicating modest impact of the surface morphology.
Despite their low intrinsic thermal conductivity (Table I ) and the high Kapitza resistance, Pyrograf fibres yield the highest thermal conductivity among our composites with untreated carbon fillers. This phenomenon can be understood when looking at the thermal conductivity enhancement as a function of the fibre length. As shown in Fig. 4 , for the same volume fraction long Pyrograf fibres L ¼ 12 lm yield in 30% larger conductivity enhancement than the short carbon nanotubes (L ¼ 2 lm). Considering the thermal conductivity of Pyrograf fibres as high as 3000 W/mK, i.e., equivalent to MWCNTs, only minor changes in the conductivity enhancement are visible. Significant drop in k enhancement would be observed for fibres with conductivity of 500 W/mK (separate point in Fig. 4) . However, by keeping the length of 12 lm, the obtained enhancement would be still as high as for the short and highly conductive MWCNTs. This clearly shows that the filler geometry is the second key parameter in optimizing thermal properties of polymer composites. In conclusions, we examined the effects of the intrinsic thermal conductivity, geometry, and Kapitza resistance of tubular carbon fillers on the thermal performance of polymer composites. The interface thermal resistance and the length of the fibres dominate the effective thermal conductivity of composites, rather than a high intrinsic thermal conductivity of the fibres. The results show that using long carbon nanofibre with reduced thermal-interface resistance by surface functionalization is the most efficient way to engineer composite material with good thermal conductivity. FIG. 4 . Effect of fibre length on thermal conductivity enhancement predicted by the model Eq. (1) for 1 vol. %. Note that reducing intrinsic properties of Pyrograf fibres to 500 W/mK leads to the conductivity enhancement comparable to short MWCNTs.
